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In this study, we validated recombinant adeno-associated
viral integration analysis (RAAVioli), a previously published
computational method for the comprehensive analysis of ad-
eno-associated virus vector (AAV) integration sites (ISs) and
vector rearrangements across both long- and short-read
sequencing platforms. Through in silico benchmarking and
in vivo validation in a xenogeneic human hepatocyte model
transduced with recombinant AAV (rAAV), we demonstrate
the robustness and versatility of RAAVioli in accurately identi-
fying AAV-genome junctions and reconstructing complex vec-
tor rearrangements across diverse experimental workflows.
RAAVioli enables high-resolution detection of chimeric se-
quences, characterization of integration-site microhomologies
and indels, and identification of complex vector structures,
including multimeric concatemers. Short-read sequencing pro-
vided superior throughput compared to long-read sequencing,
uncovering a larger number of integration sites and enabling
precise quantification of clonal abundance, an essential param-
eter for evaluating the safety of gene therapy protocols. Bench-
marking analyses further highlighted RAAVioli’s higher sensi-
tivity and accuracy relative to existing tools, establishing it as
a reliable and scalable resource for AAV-based gene therapy
and genome-editing studies. Moreover, RAAVioli’s ability to
profile structural rearrangements extends its utility to AAV vec-
tor characterization and quality assessment.

INTRODUCTION

Recombinant adeno-associated viral vectors (rAAVs) have been widely
adopted as gene therapy delivery vehicles in preclinical and clinical
studies.'” Some AAV-based therapeutics have been also approved
by both US Food and Drug Administration (FDA) and European Med-
icines Agency (EMA) for conditions like retinal disease, spinal
muscular atrophy, and aromatic L-amino acid decarboxylase defi-
ciency, while others, such as those for heart failure, myotubular myop-

1.1° After transduc-

athy, and glioma, are being fast-tracked for approval
tion, rAAV primarily remains episomal within the nucleus of host cells

but can undergo intra- and intermolecular recombination, resulting in

monomeric circles or concatenated molecules with various structures
like head-to-tail concatemers and more complex rearranged forms
involving inverted or tandem repeats.'''* Although the rAAV genome
and its rearranged forms can integrate into the host genome, this oc-
curs at a low frequency (estimated at 0.1%-10% in hepatocytes).'*"'*
The process relies entirely on host cellular machinery as rAAV vectors
do not carry the proteins necessary for integration. Studies have
demonstrated that double-strand breaks or nicks in the host genome
promote AAV integration through homologous and non-homologous
insertion mechanisms.'"">""”
tained in clinical trials, the discovery that AAV can integrate into the
host cell genome raises safety concerns, as a single intravenous systemic
administration of AAV can transduce hundreds of millions of liver
cells. Indeed, rAAV integration has led to hepatocellular carcinoma
(HCC) formation in mice and is associated with clonal expansion of
transduced hepatocytes in hemophiliac dogs.'>'>"
of HCC was also reported in a patient receiving liver-directed AAV5
therapy for hemophilia B,”' and other reports have highlighted connec-
tions between human HCCs and natural AAV infections.”>** There-
fore, given the potential risk of tumorigenesis associated with AAV
integration, it is recommended to evaluate viral vector integration in
the host genome in both animal models and patient samples during

Despite the positive safety results ob-
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preclinical and clinical investigations, along with long-term follow-
up studies.'” Moreover, when rAAVs are used as DNA donor template
in in vitro and in vivo gene editing applications, they integrate not only
at the Cas-induced double-strand break but also at a myriad of other
genomic locations where (Cas-independent) DNA damage has
occurred. Such integration events have been observed in cultured mu-
rine cells, in human hematopoietic cells engrafted in immunodeficient

. . . . o 923,24
mice, and following various in vivo gene editing protocols. Hence
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a thorough characterization of AAV integration sites (ISs) is essential
even in these gene therapy contexts for safety assessment.

The identification of AAV ISs presents several challenges, due to the
low frequency of integration events, the abundance of episomal vector
forms, and the frequent occurrence of genomic rearrangements. Recent
observations showed that AAV vectors may display complex rear-
rangement forms after integration,'**> highlighting the need for mo-
lecular and bioinformatic tools that can comprehensively identify
and characterize all these events. Several tools have been developed
for viral integration analysis, but they differ substantially in purpose,
scope, and performance. Tools such as VIRUSBreakend,”® ViFi,”’
and VERSE™ are primarily designed to detect wild-type viral integra-
tions in cancer or infectious disease contexts using whole-genome or
large-scale high-throughput sequencing data. While powerful in those
settings, these tools lack the sensitivity required to detect rare integra-
tion events typical of gene therapy studies and do not address vector-
specific features such as rearrangements, episomal contamination, or
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Figure 1. Retrieval of AAV IS
(A) Experimental strategy: human hepatocytes transduced
ex vivo with AAV-CAG-tdTomato and then transplanted in
FDH mice or transduced in vivo after liver regeneration in
FDH mice; (B) position of the probes for AAV genome
capturing: probes spanning the entire vector genome
were used to select and capture genomic fragments
containing the AAV portion, which were then utilized for
3. long-read sequencing; (C) PCR primers designed at
different positions of the AAV vector for SLiIM-PCR: a total
of four primer sets (A, B, C, and D) covering the entire
vector genome were employed. Colored segments
indicate the location of each individual primer set on the
vector genome; (D) schematic flow for the identification of
AAV integration and rearranged form; (E) RAAVioli pipeline
workflow.
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low-abundance clones. Similarly, Isling” sup-
ports partial insertions and multiple viral types
but does not enable structural reconstruction
or analysis of complex rearrangements. Even
within the narrower space of vector-specific
pipelines, current tools remain limited.
INSPIIRED,” ITR-Seq,”’ and VSeq-Toolkit™
are optimized for integration site detection
from PCR-based short-read data but do not
resolve rearranged vector structures. INSERT-
seq”’ enables analysis of long-read Nanopore
data but lacks rearrangement characterization.
Other notable studies, such as those by Farina
etal.” and Nguyen etal.,* reported AAV integra-
tion and structural variants but relied on custom
pipelines that do not offer a unified or reproduc-
ible analytical framework across different
sequencing platforms. To address these limita-
tions, we developed RAAVioli (recombinant ad-
eno-associated viral integration analysis), a dedicated software suite de-
signed to support both short- and long-read data and provide
comprehensive profiling of AAV integration events. RAAVioli enables
sensitive detection of chimeric reads, reconstruction of vector genome
architecture (including concatemers and fragmented insertions),
annotation of junctional features such as microhomologies and indels,
and quantification of clonal abundance based on shear-site distribu-
tion, functionalities not offered by the aforementioned tools. Bench-
marking analyses further demonstrate that RAAVioli outperforms
one of the existing methods in both sensitivity and precision.

genome

genome

RESULTS

Methodological framework

To test and validate our experimental and analytical platform for the
retrieval and characterization of AAV IS, we exploited a published"*
experimental design aimed at evaluating and characterizing AAV inte-
grations in liver-directed gene therapy of human hepatocytes expanded
in a mouse model of xenogeneic liver regeneration (Figure 1A)."* In
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Figure 2. AAV chimerism in sequencing reads and

AAV Only L . "
46.6 % 93.1 % genome-wide integration profile
(A and B) Pie charts showing the relative percentage of
chimeric and AAV-only reads identified with the probe-
based PacBio-long read approach (A) and with SLiM-
Chimeras PCR short-read method (B); (C) genome-wide
Chimeras 6.9 % distribution of the number of AAV ISs binned in 10
53.4 % megabases of the human genome and identified
with the short (upper panel) and long-read approach
Short (lower panel) within the human genome. Human
@ Long chromosomes are indicated; red bar within each
C o E CommonlS  chromosome indicates the position of shared IS,
64 indicated as common IS.
c
2] sk R kb
o
g, ul L]
o S | | | S | S S | S | | | {1 | | | | o | { o e | . . .
— 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 1819202122 X Y Ahgnment Report; Flgure IE). This method
>0 mpT T . . N .
2 i WWTWWWN WWWWWW allows to identify chimeric reads containing
Z 34
= fragments from both the vector and the reference
61 genome, as well as reads that contain only
9 rearranged or non-vector genomes, refereed

this system, primary human hepatocytes were in vivo or ex vivo trans-
duced with an rAAV expressing a tomato reporter transgene under the
control of the CAG promoter and transplanted into immune-deficient
mice lacking the fumarylacetoacetate hydrolase (Fah) enzyme to allow
their expansion. In our previous study,'* the rAAV ISs were identified
by enriching the DNA isolated from transgene-positive hepatocytes for
AAV sequences using transgene-specific probes and sequencing by
long-range PacBio technology (Figure 1B). Here, the retrieval of
AAV IS was performed starting from the same DNA material by adapt-
ing the Sonication and Linker-Mediated (SLiM) PCR. A sonication-
based PCR method, conventionally used for clonal tracking and safety
assessment in gene therapy clinical trials involving lentiviral vectors,
gamma-retroviral vectors, and transposons, was adapted and com-
bined with short-read sequencing approaches (Figure 1C).>>’ Since
AAV integrations within the host cell genome may originate from re-
arranged and fragmented forms of the vector genome, several PCR
primers were designed to cover different portions of the AAV genome
(including ITRs, promoter, and poly-A regions), allowing the retrieval
of a substantial fraction of integration events involving both the vector
ends and internal sequences. Overall, four different primer sets for PCR
amplification were adopted for AAV IS retrieval, and all the obtained
amplicons were sequenced with Illumina Novaseq platform
(Figure 1C). We adapted the previous pipeline version used to identify
and characterize long-reads to analyze the results of our PCR-based
short-reads experiment setup. Overall, the computational approach
for both long and short reads is based on aligning the reads to a hybrid
reference genome, which is created by adding the vector sequence as an
additional chromosome to the target genome (in this case, the human
hg19 genome). This dual-reference strategy enables the identification
and characterization of vector rearrangements and vector-host junc-
tions by segmenting the reads into sub-alignments, which are then
sorted and analyzed (Figure 1D). Specifically, sub-alignments from
each read are parsed using custom scripts, allowing the reconstruction
of events through the CIGAR string (Concise Idiosyncratic Gapped

as AAV-only sequences (Figures 1C and
1D; materials and methods). When RAAVioli was applied to both
long- and short-reads, we found a significant difference in the number
of chimeric reads between the two technologies (Figures 2A and 2B):
53.4%'* for 3,280 AAV-containing reads from the long-read approach
and 6.9% for 101,416,703 AAV-containing reads from the short-read
approach intrinsically dependent on the shorter size of the read and
the insert-size between the paired ends in which the genomic fragment
can land. This may indicate a lower efficiency for IS identification by
the short-read method, which may be compensated by the higher
throughput and the lower cost per sequencing run.

Analysis of integration events in human hepatocytes

The position of each IS was defined within chimeric reads at the
breakpoint between AAV and human genomic sequences
(materials and methods). After collapsing chimeric reads with the
same IS and structure, we identified 726 ISs from the short-read
approach (Table S1). Depending on the PCR system adopted, the
number of AAV ISs retrieved was variable, revealing that the highest
number of ISs was achieved by the PCR system targeting the ITRs,
while the lowest number was obtained from the system targeting
the polyadenylation site (Figure S1A). Indeed, a total of 664 unique
ISs were retrieved by combining the two ITR-targeting primer sys-
tems (351 ISs with primer A and 313 ISs with primer B, of which
24 were shared between the two), along with 68 and 18 ISs using
primers C and D that target the promoter and the poly-A region
of the expression cassette, respectively. Analyzing the DNA sequence
at the junction breakpoint, we observed that approximately 43.4% of
the IS exhibited a precise homology breakpoint (+1 nucleotides) be-
tween the vector integration point and the host genomic sequence,
while the remaining were characterized by short stretches of nucle-
otides (up to 29 nucleotides) that could be mapped equally to both
the provirus and the human genome or none (Figure SIB-S1E).
These findings align with other studies indicating the presence of mi-
cro-homology regions (MHoRs) and nucleotide insertions (referred
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Figure 3. Genomic landscape of AAV integration sites

(A and B) Distribution of AAV IS identified with the long- and short-sequencing
approach near CpG Islands (A) and TSS (B); (C) relative percentage (%, y axis) of
AAV ISs targeting human RefSeq genes; (D) pie chart referring to the number of AAV
ISs identified by the long- and short-sequencing datasets and indicating those that
were commonly found by the two approaches.

. . . . - 11,14,16,17
to as “Insertions”) or deletions at the integration loci. >

Indeed, insertions and deletions were identified in 7% of the 370
ISs retrieved from these samples using the PacBio long-read
approach.'*

The genome-wide profile did not show any significant difference in
the distribution of rAAV ISs across the human genome, regardless
of the experimental method used, underscoring the reliability of
both approaches (Figure 2C). In line with previous findings, these
integration events showed a strong preference for integration near
CpG islands, transcription start sites (TSSs), and RefSeq genes
(Figures 3A-3C). Notably, 31 ISs were identified in both the long-
and short-read IS datasets, further supporting the robustness of
RAAVioli (Figure 3D). Analysis using the Genomic Regions Enrich-
ment of Annotations Tool (GREAT)?® revealed no biases toward spe-
cific gene classes in either dataset (data not shown). Of note, albumin,
one of the most highly expressed genes in hepatocytes, was one of the
most frequently targeted in both datasets (four ISs in the long-read
datasetand three ISs in the short-read dataset; Table S2), further high-
lighting the consistency between the two approaches.
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Clonality of the transduced populations of hepatocytes

Clonality analysis was conducted by examining the number of
distinct fragment lengths associated with a specific IS. The overall
assumption is based on the idea that two or more fragmented
DNAs from sonicated independent molecules harboring the same
integration are unlikely to share identical fragment sizes.”””” There-
fore, the presence of multiple fragment lengths at the same IS sug-
gests clonal expansion/proliferation of hepatocytes following the
insertion event. We chose this method of quantification based on
our previous experience with the retrieval and quantification of IS
from integrative vectors.”*"*> We did not use unique molecular
identifiers (UMIs) for clonal abundance quantification due to evi-
dence of biases introduced by primer jumping during the amplifica-
tion steps, which led to inflated clonal abundance estimates
(Figure S2).

When comparing the abundance distribution of rAAV IS, a signifi-
cantly higher number of genomes per IS was observed with the short-
read approach compared to the long-read one (p < 0.001 by unpaired
t test, average 12.7 + 0.6 and 2.0 = 0.04 genomes/IS; Figure 4A).

The distribution of IS abundances highlights the accuracy of short-
read quantification methods compared to the PacBio long-read
approach, as it correlates with the higher proliferation rates of
human hepatocytes in the xenogeneic regeneration models. Human
hepatocytes have a selective growth advantage in the Fah—/— envi-
ronment, leading to the repopulation of the recipient’s liver with
human cells that undergo multiple rounds of division.'* The division
rate of transduced human hepatocytes is even higher than those
observed from a previously published IS-derived dataset, which
was obtained using the same PCR-based method and analyzed
with the RAAVioli pipeline.® In the study by Calabria et al., adult
Mecp2™’~ mice were systemically injected with an rAAV vector.
The liver showed an average of 4.3 + 0.1 genomes per integration
site (p < 0.0001 by unpaired ¢ test; Figure 4A).° Notably, the 31 ISs
shared between the short- and long-read datasets were derived
from the largest clones of human hepatocytes as they were character-
ized by a significantly higher abundance compared to the entire IS
population of the short-read dataset (p = 0.007 by unpaired t test,
average 23.3 + 6.4 genomes/IS; Figure 4). These data reflect the
higher likelihood of retrieving these events from the entire popula-
tion of transduced cells. To further characterize the shared IS, we
analyzed their genomic annotations and compared their distribution
against the non-shared IS, without significant readouts (data not
shown). This result further corroborates that shared ISs are mainly
determined by the relative abundance of clones rather than by bio-
logical preferences for specific genomic regions.

Rearrangements of the AAV vector

In addition to identifying AAV ISs, our platform enables the study
and characterization of vector rearrangements in both AAV-only se-
quences and chimeric reads. Long-read sequencing methods re-
vealed rearrangements of two or more AAV fragments in 74% of
AAV-only sequences and 27% of integrating events (Figure 5A). In
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Figure 4. Abundance of AAV ISs

Cellular genomes for each AAV IS (genomes/IS + standard error) identified among
the different datasets as indicated: AAV-GT, IS identified in Calabria et al., Blood
2023, where adult Mecp2-deficient mice were systemically injected with an
AAV.PHP vector; AAV-short, IS identified with short-read sequencing approach;
AAV-long, IS identified long-read sequencing approach; Share-IS refers to ISs
identified using both short- and long-read sequencing approaches. In the picture,
“AAV-short shared” refers to the shared ISs quantified using the short read
approach, “AAV-long shared” refers to shared ISs quantified with the long-read
method. Statistics were performed by unpaired t test.

contrast, the short-read methods identified that only 33% of AAV-
only and 8% of chimeric reads contained at least two AAV segments
(Table S1; Figure 5A). While short-read sequencing is inherently
limited in detecting multiple rearrangements, up to five vector frag-
ments were observed in AAV-only sequences and two in chimeric
reads (Figure 5A). Specifically, we observed that in the AAV-only da-
taset, different portions of the AAV genome can be involved in vec-
tor rearrangement, including those belonging to the plasmid
sequence, such as those encoding for the Ori and the bacterial
gene for resistance to the antibiotic ampicillin (Figure S3). On the
contrary, in the AAV-chimeric dataset, most of the vector rearrange-
ments involved the ITRs (58%) and the promoter region (27%). It is
important to note that ITRs were analyzed collectively, without
differentiating between the 3" and 5’ ends, due to the potential align-
ment bias of short reads mapping exclusively within ITR regions,
which can be ambiguously assigned between the two duplicated
sequences.

Next, by examining the regions of the AAV genome most involved in
integration events from the entire AAV-short read dataset, we
observed that more than 80% of integrations involved the ITRs
(Figures 5B and 5C), followed by the transgene (10%) and WPRE
sequence (2%). A more detailed inspection can also reveal the
preferred nucleotide breakpoints within the loop regions of ITRs
(Figure 5D), as previously reported.'>**** These results are in agree-
ment with those obtained from the long-read datasets,'* where ITRs
were the most frequently identified at the junction breakpoints

(63%), followed by the transgene coding sequence (15%), WPRE
(13%), and promoter sequences (8%) (Figure 5E).

These results demonstrate that the frequency and types of rearrange-
ments at the junction breakpoints were comparable between the two
platforms,'* thus supporting the use of short-read methods for the
initial study of rearrangement events (Figure S3). Additionally,
from a biological perspective, these data reinforce the tendency of
rAAV to undergo complex backbone rearrangements and highlight
the strong propensity of vector ITRs to be involved in integration
events.'"'”*>** Consistently, short-read sequencing enabled near-
complete coverage of the AAV vector genome, including plasmid
backbone elements, reflecting the contribution of multiple rear-
ranged AAV fragments captured across independent reads and
consistent with the high recombination frequency typical of AAV ge-
nomes (Figure S3).

Benchmarking

To conduct an in-depth assessment of the pipeline, benchmark
the precision, and recall for IS retrieval and characterization of
vector rearrangements, we generated in silico reads mimicking
real datasets, including both long and short reads, and we also
modeled error rates at different thresholds (0.1%, 0.25%, 0.5%,
1%, and 2%) to model PCR artifacts (see materials and
methods). We introduced a variable parameter k to define the
acceptable distance between the expected and observed IS loca-
tions. RAAVioli achieved precision and recall values of 0.989
and 0.992 for IS identification and 0.945 and 0.998 for vector re-
arrangement characterization using the long-read approach and a
k = 3 (Figure 6A). Similarly, when testing the performance of
RAAVioli using the short-read approach, precision and recall
values were 0.989 and 0.972 for IS identification (chimeras) and
0.950 and 0.997 for vector rearrangement characterization
(AAV-only; Figure 6A). These results highlight the sensitivity
and performance of RAAVioli in detecting insertion sites and vec-
tor rearrangements across different sequencing platforms. When
evaluating RAAVioli’s performance using simulated error models,
our results showed an F1 score (a statistical metric that combines
precision and recall results) greater than 0.9 across all tested sce-
narios (Figure S4; Table S3).

We then benchmarked RAAVioli’s performance against ITR-seq,”' a
publicly available tool representing the current state-of-the-art for
detecting AAV ISs using PCR-based methods and short-read
sequencing approaches (Figure 6B). Different alignment quality filter
parameters were used to adapt the test for the two pipelines
(Table S3). RAAVioli outperforms ITR-seq in all the conditions
tested, achieving an average F1 score of 0.98 compared to 0.93
when no quality filter parameters were applied.

Overall, the results highlight RAAVioli’s ability to identify and char-
acterize insertion sites and vector rearrangements using multiple
sequencing platforms, outperforming existing tools when PCR-
based and short-read sequencing approaches are adopted.
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DISCUSSION

In this study, we developed RAAVioli, a novel computational tool
designed to comprehensively analyze AAV IS and vector rear-
rangements using long- and short-read sequencing approaches.
RAAVioli provides a robust platform for detecting and quanti-
fying chimeric sequences, characterizing integration locus micro-
homologies and indels, reconstructing sub-alignments to assess
vector rearrangements, and identifying multimeric concatemers
forms (head-to-tail, head-to-head, and tail-to-tail) from long
reads."*
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nucleotide position.

Our findings demonstrate that RAAVioli is
a versatile and adaptable tool, capable of pro-
cessing datasets from distinct experimental
workflows and sequencing platforms. We
validated RAAVioli by analyzing AAV ISs
collected from the liver of a xenogeneic regen-
eration model of rAAV-transduced human
hepatocytes,'* using two distinct approaches:
probe-selection methods with PacBio long-
read sequencing'’
PCR approaches combined with short-read
sequencing. Both methods can be employed
for comprehensive and complementary ana-
lyses of AAV integrations, offering distinct ad-
vantages. Short-read sequencing generates a
higher volume of reads, enabling the identifica-
tion of a greater number of ISs compared to
long-read sequencing. The observed 2-fold in-
crease in IS recovery with the short-read
approach emphasizes the utility of short-read
sequencing in providing a higher throughput
and broader coverage of integration events.
RAAVioli’s IS analysis confirmed several estab-
lished genomic features of AAV integration,
consistent across both datasets. AAV insertions
were distributed sparsely throughout the human genome, following
a pattern seen in previous studies.''°"'® A notable preference was
observed for integration near CpG islands, TSS, and genes highly ex-
pressed in human liver, such as albumin.'*'%"'® This aligns with the
current understanding that AAV vectors tend to integrate preferen-
tially in transcriptionally active regions of the genome, especially in
tissues where AAV is known to exhibit higher efficiency, such as the
liver. The proximity of AAV ISs to CpG islands and transcription
start sites (TSSs) suggests that integration may be influenced by
epigenetic features, such as chromatin remodeling, that enhance
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Figure 6. Precision and recall of RAAVioli and
ITRseq

(A) Precision (y axis) and recall (x axis) scores of RAAVioli
for the identification of ISs in simulated chimeric long
reads (top left panel) and chimeric short reads (bottom
left panel), as well as for the characterization of vector
rearrangements in simulated AAV-only long reads (top
right panel) and AAV-only short reads (bottom right
panel). Different shapes represent different tolerance

K values (K) with mutation rate equal to 0. RAAVioli's
g performance remains consistent across tolerance
10 thresholds. F1 score contours are shown as colored
50 curves. Overall, RAAVioli achieves optimal performance,

with F1 scores greater than or equal to 0.95 in all
evaluated scenarios. (B) Precision (y axis) and recall (x
axis) scores of RAAVioli (blue) and ITRseq (red) for the
identification of ISs in simulated short reads, average

0.9 0.9 score across different mutation rate. Different shapes
< S represent different tolerance values (K). F1 score
O ® gg 08 contours are shown as colored curves. Recall of [TRseq
(',C) ‘Q’ and RAAVioli drops when using mapping quality filter.

o Although for simulated reads those parameters are not

0.7 0.7 relevant, they are important when applying the pipelines

to real world data. Overall, RAAVioli shows higher

06 06 performance than ITRseq in all conditions.

06 07 08 09 1.0

Recall

precise quantification of IS clonality.”> By
B No Quality Filter Base Parameter Filter o leYeraging the distribution of fragment lengt'hs,
Pipeline this method outperforms UMI biases, offering
1.0 10 ITRseq a more accurate assessment of cellular abun-
@ el dance. Although UMI-based approaches are
0.9 0.9 K widely used in molecular genomics, we empha-
: size the importance of critically evaluating their
:% 08 08 : o performance within each protocol and assay to
3 prevent hidden biases. Clonal abundance is a
o 07 07 F: fcore crucial feature for assessing the safety of gene

’ o therapy (GT) protocols in preclinical® and

clinical studies,>*"** as it may inform about

0.6 0.6 0.8

Recall

genome accessibility at these regions.*” Interestingly, a substantial
overlap of IS was observed between the two datasets. This overlap
not only serves to cross-validate the two sequencing platforms but
also demonstrates RAAVioli’s versatility in handling data derived
from distinct experimental workflows. The presence of these com-
mon ISs between the datasets further supports the robustness of
RAAVioli as a tool for integration site discovery, highlighting its po-
tential as a platform for comprehensive molecular analyses of AAV
integrations.

In addition to providing a deeper evaluation of the overall clonal
repertoire of transduced cells, the identification of ISs by sonicat-
ion-based PCR approaches and short-read sequencing enabled

0.6 0.7 0.8 0.9 1.0 iOJ

the presence of potentially dangerous expan-
sions due to gene deregulation caused by inser-
tional mutagenesis, as shown in various clinical
studies involving lentiviral and retroviral vec-
tors.”>** Multiple cellular genomes were associated with the same
AAV IS identified through the sonication-based approach. These
numbers were significantly higher compared to AAV IS retrieved
either from the same samples with the long-read approach or from
the liver of adult mice that were systemically injected with a rAAV
and analyzed using the same PCR-based approach and bioinformat-
ics pipeline.® These results highlight the differences in proliferative
capacity between transduced human hepatocytes in the xenogeneic
mouse model and murine liver cells from adult mice following
AAV injection®'* and reflect the sensitivity of our approach in quan-
tifying the proliferation of transduced clones. Interestingly, AAV IS
shared between long and short reads were also the most abundant in
the short-read dataset.

0.6
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Beyond IS characterization, RAAVioli effectively dissected AAV
genome rearrangements, identifying integration patterns involving
ITRs, transgenes, and regulatory sequences. Long-read sequencing
demonstrated superior resolution for characterizing complex vector
rearrangements and structural alterations, revealing up to six vector
rearrangements in individual reads, while short-read data identified
up to three. Long reads also enabled accurate reconstruction of large-
scale structural variations, such as concatemers and folding, which
short-read sequencing could not fully resolve. However, our results
highlight that in both IS datasets, the ITR sequences of the AAV vec-
tor itself play a central role in the formation of IS in agreement with
previous studies. This suggests that, rather than merely being passive
elements in the vector genome, the ITR regions actively contribute to
establishing IS, possibly through mechanisms related to the vector’s
structural integrity and the ability of ITR-containing fragments to re-
cruit nuclear proteins involved in DNA repair that may facilitate
integration events at single and double-strand breaks that are natu-
rally occurring in the genome.'' Additionally, short-read approaches
generally exhibit lower error rates in base-calling compared to
PacBio long-read sequencing, which results in more accurate base-
pair-level information (Illumina 0.1%"%; PacBio and Nanopore
0.4%"). This is particularly beneficial for detecting minor changes
at the integration site, such as single nucleotide variants and small
insertions/deletions, consistent with prior studies. Short-read
sequencing captured preferential breakpoints within the loop re-
gions of ITRs, enhancing our understanding of the structural integ-
rity and recombination behavior of AAV genomes in vivo.

Benchmarking studies also highlighted RAAVioli’s exceptional per-
formance. In silico simulations confirmed its high sensitivity and
precision for both IS retrieval and vector rearrangement character-
ization across long- and short-read datasets. Compared to existing
tools, RAAVioli consistently outperformed in precision, recall, and
F1-score metrics (a statistical measurement that combines precision
and recall), underscoring its reliability and robustness.

The comprehensive integration analysis enabled by RAAVioli has
broad implications for the use of AAV in gene therapy, supporting
preclinical and clinical safety assessments while also providing in-
sights that can improve our understanding of AAV biology in
various gene therapy contexts. For instance, in a mouse model of
AAV-intrathymic injection, we observed clusters of integrations
within the RAG signal sequence of T cell receptor genes in circu-
lating lymphocytes, a phenomenon resulting from the trapping of
the AAV genome at RAG-mediated double-strand breaks produced
during thymic T cell maturation.® Furthermore, RAAVioli was able
to efficiently reveal unintended AAV insertions at nuclease on- and
off-target sites in human hematopoietic stem cells ex vivo edited and
engrafted in immune-deficient mice.” Additionally, RAAVioli’s ca-
pacity to detect structural rearrangements makes this software a
valuable tool for evaluating the quality of AAV-based drug products.
Comprehensive pre-injection assessments of vector structural integ-
rity could serve as a critical quality control measure, ensuring the
safety of gene therapy treatments. Recent advancements in gene ed-
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iting technologies, such as base editors and prime editors using AAV
as the delivery vehicle, further emphasize the need for robust tools to
characterize drug products and assess treatment safety comprehen-
sively.*® Although RAAVioli is primarily focused on AAV, its design
makes it adaptable to other integrating elements, such as lentiviral or
retroviral vectors, and transposons, showcasing its versatility across
diverse applications. In the latter case, a representative application
involves R2 transposons for which eukaryotic retroelement proteins
have been repurposed to mediate targeted transgene insertion into
human safe-harbor loci,* potentially resulting in various rearranged
forms. RAAVioli could be used to characterize integration events
with high specificity and efficiency, and with relatively modest
sequencing depth, enabling analysis of bulk populations. Moreover,
RAAVioli can potentially process long-read sequencing data from
various platforms, including Oxford Nanopore Technology.™

In conclusion, RAAVioli bridges key gaps in the molecular character-
ization of AAV integrations by integrating multiple sequencing data-
sets with uniform criteria. This enables a holistic and high-resolution
analysis of integration patterns, clonality, and structural variations, ca-
pabilities not achievable with previous tools. As such, RAAVioli repre-
sents a robust and versatile platform to support the development of
safer and more effective gene therapy and genome editing strategies.

MATERIALS AND METHODS

Sample preparation

To assess AAV integration, we used a sonication-based linker-medi-
ated PCR method (SLiM) commonly adopted to retrieve ISs from
g-retroviral and lentiviral vectors. Briefly, genomic DNA purified
from liver samples was sheared into ~1,000 bp fragments with a Co-
varis E220 Ultrasonicator, then end-repaired, adenylated, and ligated
to custom linker cassettes containing an 8-nt barcode and 12 random
nucleotides as Unique Molecular Identifier. The ligation products
were amplified using 35 cycles of PCR with AAV-specific primers,
followed by 10 cycles to add sequencing adapters, a second 8-nt bar-
code, and 12 random nucleotides. Finally, qQPCR was used to quantify
the amplified libraries prior to sequencing on Illumina NextSeq or
NovaSeq platforms.

RAAVioli workflow for PCR-derived short-read sequencing
Preprocessing of sequencing reads

Raw sequencing reads were quality-checked using FastQC, and
adapter sequences as well as PhiX reads were removed using Flexbar
(v.3.5). Additionally, the first 12 random nucleotides were trimmed
using Trimmomatic. Reads that did not begin with one of the prede-
fined inner primer were discarded.

Alignment and mapping

The remaining reads were aligned to the AAV vector genome using
BWA-MEM (v.0.7.17). Reads that successfully aligned to the vector
genome were then mapped to a hybrid reference genome, consisting
of the human reference genome (GRCh37) and the AAV vector
genome. This dual-reference strategy enabled the identification of se-
quences spanning the vector-host junction, facilitating the detection
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of rearrangements and integration events. To capture structural var-
iations, all primary and supplementary alignments for each read
were retained. RAAVioli natively supports all reference genomes,
including human GRCh38 and any other species genome, provided
in FASTA format with corresponding annotations.

Classification of reads and detection of rearrangements

The resulting BAM files were parsed using a custom Python script,
which utilized the pysam library to collect all alignments for each in-
dividual read. For each read, alignments from the first read pair (R1)
were sorted based on their CIGAR string, which describes the
sequence of operations performed during alignment. This approach
enabled precise characterization of each read. If multiple consecutive
AAV alignments were present, the read was identified as containing
a vector rearrangement, which could occur in both chimeric reads
and AAV-only reads. Reads that contained at least one AAV align-
ment and one target genome alignment were labeled as chimeric
reads. In this case, RAAVioli determined both the IS locus and the
junction locus, defined as the last base of the vector adjacent to the
IS locus. This step also enabled the detection of micro-homology re-
gions (MHoR) and insertions (Ins) at the junction breakpoint. Reads
in which R1 contained only AAV alignments were classified as AAV-
only reads. The second end of the read (R2) is used for mapping pur-
poses and to validate integration locus (the R2 must extend Rl
target alignment that must be of at least 18 bp on the R1 and at least
30 bp when extended, e.g., an IS with an alignment on the target
genome of 18 bp is considered valid only if the R2 extends the align-
ment to at least 30 bp; otherwise the read is discarded).

IS quantification and clustering

To quantify integration events, we employed a clustering strategy
based on shear sites.’>*® No lower limit of detection studies have
been performed for the PCR-based platform, as the same technology
has been already evaluated in another application of LV-based IS
retrieval.”” After this step, reads were grouped based on their IS lo-
cus, junction locus, and MHoR/Ins using hierarchical clustering
(complete linkage, implemented in SciPy). Clusters were defined
such that the maximum intra-cluster distance across these features
was <20 bp (adjustable in RAAVioli). The abundance of each IS
was estimated by summing the shear site ends across different trip-
lets in the same cluster.

Post-processing and filtering
To minimize PCR artifacts and refine IS quantification, we applied
the following filtering steps.

1. Low-abundance filtering: only integration events identified by at
least two independent DNA fragments were considered in the an-
alyses to remove potential PCR artifacts.

2. Collision filtering: ISs contained in more independent samples
were removed using ISAnalytics (v.1.6.2).

3. Rearrangement-based filtering: ISs exhibiting the same rearrange-
ment but different IS loci were removed, retaining only the most
abundant occurrence.

4. Motif filtering: ISs associated with degenerated motifs were
removed. This was performed using the MEME Suite, analyzing
the genomic sequence 20 bp before the IS locus.

5. Final IS merging: ISs with loci separated by < 10 bp were merged
to correct for potential outlier reads from the initial clustering
step.

Current limitation and future implementation steps

The current short-read branch of the RAAVioli pipeline is compat-
ible only with PCR-based datasets, as it requires detection of
vector-anchored primers for proper read orientation. In contrast,
the long-read branch operates independently of primer detection
and could therefore be adapted to process non-PCR-derived
datasets, such as whole-genome sequencing (WGS) or targeted
enrichment sequencing (TES). Furthermore, while the current
version of RAAVioli uses a single default aligner for both long-
and short-read data to ensure consistency and compatibility, its
modular structure allows users to substitute alternative aligners, pro-
vided the output is in standard SAM/BAM format. Future versions
may expand native support for additional alignment tools, particu-
larly those optimized for long-read sequencing.

Finally, in its current version, RAAVioli supports a single vector
reference per run, reflecting the design of our experimental datasets,
which involved a single AAV construct. While multi-vector config-
urations are not yet implemented or validated, RAAVioli could
potentially be adapted to support them by treating each vector as a
distinct “chromosome” within the hybrid reference genome. Alter-
natively, integration site mapping in the presence of multiple AAV
vectors can be performed by analyzing each vector separately or by
concatenating vector sequences into a unified reference (removing
duplicated ITRs if necessary), which may also enable detection of
hybrid rearrangements. When PCR-based approaches are used, we
recommend designing primers in vector-specific (ideally non-over-
lapping) regions to allow unambiguous assignment of sequencing
reads to their corresponding vector.

Performance evaluation

To evaluate the performance of RAAVioli, we generated in silico da-
tasets to assess its reliability in detecting both vector rearrangements
and integration loci. A custom Python script was used to generate
simulated short and long reads. These reads contained different
numbers of AAV fragments as explained below.

o For short reads, the first AAV fragment consistently begins at one
of several primer positions, replicating realistic scenarios:
>ITR5 — chrV:1570-1590 —

>ITR3 + chrV:5040-5060 +
>OTHERV_1 + chrV:4660-4680 +
>OTHERV_2 — chrV:3270-3290 —

Both the first and rearranged AAV fragments follow a normal
distribution with a mean of 70 and std 25. For the chimeric
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dataset, we simulated a total of 200,000 reads containing varying
numbers of AAV fragments: 175,000 reads with one fragment,
20,000 reads with two fragments, and 5,000 reads with three frag-
ments. The fragment size distribution was modeled to reflect real
experimental conditions. Each R1 read contains a minimum of
20 bp of genomic sequence. For the AAV-only dataset, we simu-
lated a total of 45,998 reads containing a variable number of AAV
fragments: 24,028 reads with two fragments; 16,701 reads with
three fragments; 4,765 reads with four fragments; and 504 with
five fragments. We next introduced error rates of 0.1%, 0.25%,
0.5%, 1%, and 2% to simulate realistic PCR artifacts, ranging
from the nominal Illumina platform error rate (0.1%) to lower-
quality reads (up to 2%), to evaluate pipeline performance under
noisy conditions. Mutations were introduced into the reads using
a custom Python script. This led to a total of 1,200,000 chimeric
reads and 275,988 AAV-only reads being tested. Final plots were
generated by averaging results across the different error rates
(Figures 6B and S4).

e For long-read simulations, we generated 46,730 chimeric reads
with an average length of 9,741.2 bp. Genomic fragment lengths
were drawn from a normal distribution with a mean of 5,000 bp
and a standard deviation of 1,500 bp. For each read, the AAV frag-
ment lengths were sampled from a normal distribution, with the
mean and standard deviation scaled according to the number of
fragments simulated in that read. The distribution of AAV frag-
ment counts per read in the chimeric dataset was as follows:
35,037 reads with one fragment; 8,426 with two fragments; and
3,267 with three fragments. For the AAV-only dataset, we simu-
lated 29,986 reads. Fragment composition was as follows: 4,499
reads with two AAV fragments; 8,695 with three fragments;
8,397 with four fragments; and 8,395 with five fragments. We
next introduced error rates of 0.5%, 1%, and 2% to simulate error
rate to evaluate pipeline performance under noisy conditions.
Mutations were introduced into the reads using a custom Python
script. This led to a total of 186,920 chimeric reads and 119,944
AAV-only reads being tested.

e For chimeric reads, false negatives (FNs) were defined as reads
erroneously classified as non-chimeric. True positives (TPs)
were reads in which the insertion site was correctly identified
within a tolerance of £k bases from the simulated position to ac-
count for alignment shifts due to potential sequencing artifacts.
False positives (FPs) were reads where the reported insertion
site deviated by more than k bases from the simulated location.
For AAV-only reads, TP were defined as reads in which all start
and end positions of the simulated rearrangements were correctly
identified within a tolerance of +k bases. FPs were reads where the
number and/or positions of the detected rearrangements did not
match the simulated ones. FNs were reads that were incorrectly
discarded.

Simulated reads were also used to compare RAAVioli performances
to ITRseq,”’ which can identify AAV ISs in gene-therapy and gene-
editing contexts. To ensure a fair comparison between RAAVioli and
ITRseq, we ran both tools using their default parameters and by
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removing quality filtering thresholds. Regarding alignment strate-
gies, a key difference between the two pipelines lies in the mapping
tools used: ITRseq utilizes Bowtie2, while RAAVioli employs
BWA-MEM. To account for this, we evaluated multiple combina-
tions of quality score thresholds to robustly benchmark the perfor-
mance of both pipelines (Table S3).

Statistical analysis
Statistical analyses were performed using GraphPad Prism 10, R
software, and SciPy.

DATA AND CODE AVAILABILITY

Sequencing data have been uploaded in NCBI SRA (Sequence Read Archive) BioProject:
PRJNA1347036. All relevant data are included in the manuscript. Integration site
matrices derived from the PCR-based approach are provided in Table S1, while data
from PacBio long-read sequencing are derived from Dalwadi et al.'* The pipeline
RAAVioli and its code is available at https://github.com/calabrialab/RAAVioli. The in
silico datasets, their configuration files, and the configuration files to reproduce analysis
on the generated short-read dataset are available at https://github.com/calabrialab/
MTMRaavioli.
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